Background. The effects of external factors such as X-ray irradiation on the structure and physical properties of contact lenses are very important for both the patients using contact lenses and medical personnel.
Introduction
Structural studies on amorphous polymer materials used in medicine, e.g., for the production of contact lenses, have developed rapidly in recent years. 1, 2 The effects of external factors such as X-ray radiation on the structure and physical properties of contact lenses are very important for patients using contact lenses and for medical personnel, since they are exposed to X-ray radiation at work and/or during medical tests. The objective of this study was to examine changes in the polymer structure of Narafilcon A soft silicone-hydrogel contact lenses (a very popular type of contact lens) due to exposure to X-ray irradiation. Positron annihilation lifetime spectroscopy (PALS), supplemented by Fourier transform middle infrared spectroscopy (FTIR) and Raman spectroscopy (RS) were used to investigate the structure of Narafilcon A contact lenses before and after irradiation.
Narafilcon A contact lenses are daily disposable lenses made of a super-breathable silicone-hydrogel material that maximizes the availability of oxygen to the wearer's open eye. 3 The structural formula of the silicone-hydrogel material is presented in Fig. 1 .
Positron annihilation is a useful technology to investigate the characteristics of a material. Positrons injected into substances lose their energy through elastic collisions with electrons and finally annihilate. In the case of a nonconductive molecular material, in addition to the annihilation of the positron, the formation and annihilation of positronium (Ps) take place. Positronium is the bound state of the positron and the electron, with an atomic radius comparable to that of a hydrogen atom. It exists in 2 spin states. One is called para-positronium (p-Ps), in which the positron and electron spins are anti-parallel. The other state, ortho-positronium (o-Ps), corresponds to parallel particle spins. 4, 5 This process, which is referred to as "pick-off " annihilation, reduces the lifetime of o-Ps in polymer materials to a few nanoseconds. Ortho-positronium is localized in the space between and along polymer chains and at chain ends (free volume holes), and its lifetime indicates the mean radius of these holes. 5, 6 In our earlier papers, [7] [8] [9] as well as in this paper, the relationship between the o-Ps lifetime and the size of free volume holes is described by the Tao-Eldrup model. 5, 10 Theoretical deliberations on the model show that lifetime (responsible for positronium formation) is expressed as a function of the radius τ 3 of the free volume R, and is described by the following formula 11, 12 :
where:
; ∆R = 0.166 nm -the fitted empirical electron layer thickness; R -the radius of free volumes [nm] .
By fitting Equation (1) with measured values of τ 3 , the size of the free volume holes V f is a function of R, and is given by the following equation:
where: V f -the free volume calculated from τ 3 by using Equation (1) with a spherical approximation [10 −30 m 3 ]; R -the radius of free volumes [nm] .
The relative intensity of the longest component I 3 is usually connected with the density of a hole. To determine the fractional free volume (f v ) in polymers, one can use a semi-empirical relation:
where: V f -the free volume calculated from τ 3 by using Equation (1) with a spherical approximation [10 −30 m 3 ]; I 3 -the intensity of the long-lived component [%]; C -empirically determined to be 0.0018 of the specific volume data. 13 In this study, the results of PALS indicated how X-ray irradiation affected the free volumes and the fractional free volumes in Narafilcon A contact lenses.
Investigations using FTIR and RS were also carried out in order to verify whether X-ray irradiation changed the structure of the bonds in Narafilcon A. The FTIR method makes use of the phenomenon of radiation absorption by the molecules of an investigated material within the infrared range, which enables obtaining spectra with absorption bands characteristic of the corresponding bonds. The RS method is based on the phenomenon of non-flexible scattering of monochromatic laser radiation, through which spectra containing bands characteristic of the corresponding bonds are obtained. Both methods are useful for investigating molecular bonds. The FTIR method makes it possible to indicate the polarity of intermolecular bonds, whereas the RS method reveals their covalent character. The 2 methods are complementary.
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Materials and methods
The study was carried out on originally packed Narafilcon A soft contact lenses, which belong to the siliconehydrogel family. Detailed parameters obtained from the manufacturer (Cooper Vision, Phoenix, USA) of the contact lenses are shown in Table 1 .
Irradiation of the samples was carried out using an Elekta Synergy accelerator MLCi 80 (Elekta Instrument AB, Stockholm, Sweden). 17 The Elekta Synergy accelerator emits photon and electron radiation of nominal energy (photons -4, 6, 15 MeV and electrons -6, 9, 12, 15 MeV) with a multi-leaf collimator (MLCi 80). The maximum dimension of the field adjusted by the jaws and MLCi is 40 cm × 40 cm. The samples were irradiated in a water phantom in reference conditions (field size: 10 cm × 10 cm; source to surface distance (SSD): 90 cm; depth: 10 cm; energy: 6 MeV). The apparatus was calibrated to 1-to-1 relations, i.e., 1 monitor unit was equivalent to a dose of 1 Gy. The contact lenses were irradiated with the following total doses of X-rays: 0.05 Gy, 0.5 Gy, 0.8 Gy, and 1.0 Gy, which are equivalent to doses that patients wearing contact lenses may be exposed to during medical X-ray examinations, or the medical personnel during their professional work with X-ray radiation. Irradiation of the samples in a water phantom was dictated by the fact that devices for measuring doses are calibrated in water. Moreover, doses given in water are more uniform and the electron equilibrium is maintained, which makes it easier to define the dose. As a result, we can precisely calculate the dose absorbed by contact lenses. According to the International Atomic Energy Agency (IAEA) TRS398 dosimetric standards, measurements should be performed in water. The previous IAEA dosimetric report (TRS277) allowed measurements in the air, but such measurements are extremely complex and it is difficult to define the dose. 18 The PALS measurements were performed at room temperature using an ORTEC spectrometer (ORTEC, Oak Ridge, USA), based on a "start-stop" method. 19, 20 A spectrometer with a lifetime resolution -the full width at half maximum (FWHM) of 250 ps, monitored with a Cobalt-60 ( 60 Co) source, was used to record all the PALS spectra. Each sample consisted of 6 layers of contact lenses with a diameter of 10 mm and a thickness of 1 mm. All the samples were of the same diameter and thickness. A sample, along with the source of positrons, which was the 22 Na isotope of an 4 × 10 5 Bq activity, formed the so-called "sandwich system".
The FTIR studies were carried out on a DigiLab Excalibur series spectrometer (Digilab Inc., Hopkinton, USA) equipped with a Pike MIRacle TM attenuated total reflection (ATR) attachment (PIKE Technologies Inc., Madison, USA). 21 A total of 128 scans were accumulated in the range of 550-4000 cm −1 and the resolution was set at 4 cm −1 . The RS spectra were recorded using an alpha300 confocal Raman microscope (WITec Wissenschaftliche Instrumente und Technologie GmbH, Ulm, Germany) equipped with an air-cooled solid state laser, operating at 488 nm, and a charge-coupled device (CCD) detector, cooled to −82°C. A dry Olympus MPLAN (1006/0.90NA) objective lens (Olympus Corp., Tokyo, Japan) was used. The power of the laser at the sample position was between 14.4 mW and 14.6 mW for each measurement. A minimum of 120 scans with integration times of 0.3-0.5 s and a resolution of 3 cm −1 were collected and averaged.
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Results and discussion
Positron lifetime spectra were analyzed using LT software (LT Software Solutions, Portsmouth, USA). 22 The obtained positron lifetime values revealed the existence of 3 components -τ 1 , τ 2 and τ 3 in the positron lifetime spectrum. The component τ 1 represents the annihilation of p-Ps, which in this paper fits a value of 0.125 ns, while the component τ 2 is typical for positron trapping. 23, 24 As in our previous papers on the subject, attention was paid to the analysis of the longest-lived component of the positron lifetime -τ 3 (the "pick-off " process). [7] [8] [9] The positron lifetime values of τ 3 o-Ps and their intensity I 3 , hole radius R, the sizes of the free volumes V f and the fractional free volumes f v for all the samples before and after irradiation are given in Table 2 . The main parameters of annihilation converted to means ± measurement error were calculated using LT software.
The relationship between the sizes of the free volumes V f and the fractional free volumes f v as a function of X-ray irradiation is shown in Fig. 2 . It is evident from the results presented in Table 2 and Fig. 2 that as the dose of X-ray irradiation of the sample increases, there is a tendency towards decreases in the sizes of the free volumes V f . However, there is a significant increase in the intensity I 3 of the o-Ps lifetime component and in the fractional free volumes f v . It can be concluded that X-ray radiation doses from 0.05 Gy to 1 Gy result simultaneously in a slight decrease in the free volume dimensions and an increase in the number of free volumes in the irradiated sample.
In order to check whether the doses of X-ray irradiation affect the bond structure of the samples, measurements were made using RS and FTIR. The results are shown in Fig. 3-5 . A close analysis of the obtained spectra indicated that irradiation of the samples did not cause any changes in their structure. Therefore, it is possible to conclude that in spite of active irradiation, no bonds disappeared nor did any additional bonds appear.
The study found no other significant changes in the structure of the samples examined or in the angles of the existing bonds. To sum up, the FTIR and RS studies showed that the applied radiation did not result in any significant changes in the structure of Narafilcon A lenses, or that the changes were so small that they could not be noticed in the corresponding spectra.
Ionizing radiation of different types, e.g., electron or gamma beams, has long been recognized as a suitable tool for the synthesis and modification of the structure and properties of polymeric materials. The exposure of polymers to ionizing radiation causes modifications such as radiation cross-linking, radiation-induced polymerization (graft polymerization and curing) and degradation of polymers. 25 However, it should be pointed out that the effects of ionizing radiation on the properties and performance of polymers depend greatly on the chemical structure of a polymer.
One of the components of contact lenses is water. There are 3 main types of water found in polymers: non-freezable bound water (tightly bound), freezable bound water Nar A -Narafilcon A; data presented as mean ± standard deviation (SD). Fig. 3 . Raman (RS) spectra of Narafilcon A contact lenses before and after X-ray radiation (loosely bound) and free water (bulk). Tightly bound water is generally attributed to water molecules directly linked by hydrogen bonding with the polar groups of the polymer matrix or strongly interacting with the ionic residues of the polymer matrix. Loosely bound water is usually related to water molecules loosely associated with the polar groups through hydrogen bonding in water-swollen polymers. [26] [27] [28] Free (bulk) water refers to water molecules that do not interact with the polymer matrix, having hydrogen bonding typical of pure water. The amount of bound water can vary according to the polymer microstructure. Changes in the polymer structure caused by ionizing radiation can affect the water dynamics within the material. 26 The dose of radiation necessary to produce similar significant effects in 2 different materials can vary significantly between them. From the results of this study, it can be deduced that X-ray irradiation causes only microstructural changes to the polymer network of Narafilcon A contact lenses.
Conclusions
The aim of this project was to study the effect of external X-ray radiation in total doses of 0.05 Gy, 0.5 Gy, 0.8 Gy, and 1.0 Gy on changes in the soft structure of Narafilcon A contact lenses. The PALS method, which is extremely sensitive to detecting changes in the structure of materials, showed minor changes in the dimensions and number of free volumes in the lenses. At the same time, the FTIR and RS studies indicated that the applied radiation did not result in any significant changes in the bond structure of the examined material, or that the changes were so insignificant that they were impossible to trace in the corresponding spectra. We can speculate that the applied X-ray radiation was very hard and did not break the bonds, nor did it result in changing the bond angles of the monomers in the molecular structure of the Narafilcon A contact lenses. The changes revealed by the PALS method can be related to possible displacement of monomer chains, which results in changes in the dimensions and numbers of the occurring free volumes. The finding that X-ray radiation does not affect or damage polymer bonds can in the future contribute to the use of X-ray and gamma radiation to sterilize contact lenses. This may become clearer as a result of further studies on the effect of electron-type radiation (beta radiation) on Narafilcon A samples, with the same total doses of irradiation as in this study, which will be carried out by the authors of this paper in the near future.
